The optical and paramagnetic properties of sizecontrolled ink particles isolated from ink sacs of Sepia officinalis were investigated. Topographic images of atomic force microscopy (AFM) revealed that the average heights of the large and small ink particles were 156 nm and 5.3 nm respectively. The ultravioletvisible (UV-VIS) spectral features of aqueous solutions of ink particles were dependent on particle size. Electron spin resonance (ESR) spectra suggested that the ink particles are highly pure for paramagnetic species and are of reliable quality. These size-controlled ink particles are suitable for a basic study of melaninrelated materials.
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Squid and cuttlefish are consumed mainly as foods, but their internal organs, including the liver and ink sac, are generally discarded. An eco-friendly solution is to utilize this industrial waste. Therefore, the ink of the cuttlefish is now used not only as a food additive but also as a pigment (sepia). In addition, Sepia ink has a potential application as a non-poisonous black ink for an inkjet printer to print reliable information onto various foods. 1) In order to realize this application, equalization of particle sizes and monodispersion of the ink particles are required. Ueno et al. have developed a method for the purification of size-controlled ink particles isolated from ink sacs of the cuttlefish, and by this method, monodispersion of the ink particles is possible.
2) This purification method enables the preparation of Sepia-ink particles of different sizes. Recently, Abbas et al. reported that thin films of synthetic melanin showed pronounced electrical conductivity and photoconductivity.
3) High purity of materials is generally required for application to molecular electronic devices. It is well known that Sepia ink shows a characteristic absorption from melanin pigments in the ultraviolet region, [4] [5] [6] [7] but the correlation between the structure of Sepia-ink particles on the order of nanometers and their optical properties have not yet been established. Furthermore, the paramagnetic properties of Sepia-ink particles of different sizes have barely been investigated. Hence it is essential to study these physicochemical characteristics of size-controlled ink particles to provide basic information for various technological applications such as the development of edible inks and molecular electronic devices. The aim of this investigation was to determine the correlation between the structure of these particles on the order of nanometers and their optical properties. The nanostructure and the optical properties of the ink particles were studied by atomic force microscopy (AFM) and ultraviolet-visible (UV-VIS) spectroscopy respectively. We also report on the paramagnetic properties of Sepia-ink particles of different sizes. According to the literature, 2) ink particles isolated from the ink sacs of Sepia officinalis are to be classified into two types, large and small particles, depending on their particle sizes. The solutions of ink particles obtained were diluted with ultrapure water. The concentration of the solution was adjusted to a range of 5:0 Â 10 À2 {1:0 Â 10 2 g/l. For ESR measurements, solid-state ink particles were prepared by evaporation of the solvent. Synthetic melanin (C 77 H 98 O 33 N 14 S; Wako Pure Chemical, Osaka, Japan), without further purification, was used for comparison. AFM observations were conducted under an ambient atmosphere by using a scanning probe microscope (SPM4200; Shimadzu, Kyoto, Japan) in dynamic mode. The scanning tip was a silicon cantilever (RTESP; Veeco Probe, Camarillo, CA) with a spring constant of ca. 40 N/m and a resonant frequency of ca. 250 kHz. Five ml of aqueous solution was placed on a freshly cleaved mica surface (1 cm Â 1 cm) so as to cover the entire surface. After evaporation of the solvent, the sample was observed by AFM. The scanning rate was between 0.3 and 1 Hz, at 256 lines per frame. UV-VIS spectra of the aqueous solutions were recorded at a scanning speed of 400 nm/min using a UV-VIS spectrometer (V-550;
y To whom correspondence should be addressed. Fax: +81-138-44-4293; E-mail: matsuura@hak.hokkyodai.ac.jp Abbreviations: AFM, atomic force microscopy; UV-VIS, ultraviolet-visible; ESR, electron spin resonance JASCO, Tokyo, Japan). The wavelengths were measured in a range of 200-700 nm. ESR measurements were carried out using an ESR spectrometer (JES-FE3XG; JEOL, Tokyo, Japan) at a microwave power of 1.0 mW and a modulation amplitude of 0.063 mT. All the ESR spectra were recorded at the x-band (9.4 GHz). For careful detection of all the radical species in the solidstate particles, the ESR spectra were recorded by the sweep of an external magnetic field of 0-500 mT. Magnetic field modulation and demodulation were carried out at 100 kHz, and all the ESR spectra were recorded in the first harmonic mode. All the measurements were performed at room temperature. Figure 1 shows typical AFM images for Sepia inks that were deposited on the mica surface using the 10 g/l solution. The AFM image reveals the presence of individual large ink particles surrounding a huge aggregated structure, as shown in Fig. 1A . This structural characteristic is consistent with that reported in previous AFM studies. 8, 9) The huge aggregated structure was observed irrespective of whether an ultrasonic procedure was performed on the loading solution. We inferred that the aggregation might have been induced by evaporation of the solvent.
10) The mean height of the large ink particles was 156 nm, which is in good agreement with the value reported in the literature. 11) In Fig. 1B , on the other hand, the small ink particles appear to be dispersed on the mica surface. The mean height of the small ink particles was estimated to be 5.3 nm, which is identical with the experimental results for the solution examined using a particle-size analyzer.
2) Figure 2A shows the UV-VIS spectra of the aqueous solutions of the ink particles and synthetic melanin prepared at a concentration of 3 g/l. The measurement revealed a similarity in the spectral features of the solutions of the small ink particles and synthetic melanin. These optical densities were nearly constant between 700 and 500 nm, and rose continuously from 500 to 200 nm. In the case of the solution of large ink particles, the optical absorption rose steadily from 700 nm and culminated at 209 nm. Nofsinger and Simon discovered that the absorption of melanin in the UV-VIS spectrum changes as a function of its aggregation state. 5) Since the particle radius after natural aggregation of synthetic melanin in aqueous solutions is theoretically estimated to be 38 nm, 12) the ideal sizes of the particles in aqueous solution are expected to be in the order of large ink particle size > synthetic melanin particle size > small ink particle size. Hence the spectral shape obtained is dependent on the size of the particles in a solution. Riesz Optical and Paramagnetic Properties of Size-Controlled Sepia Ink Particleslengths (325-800 nm), the UV-VIS spectra can be interpreted as true absorption.
12) Therefore, the difference in optical density between synthetic melanin and small ink particles in the visible light spectrum can be attributed to innate absorptivity that corresponds to the particle size for both melanin and ink particles. It is interesting to note the sharp absorption observed in the case of the small ink particles despite their extremely small size ($5 nm). The spectral features of the large particles might strongly reflect a contribution of the scattering phenomena. 7) Figure 2B shows peak intensity versus the concentration of ink solution. The data denote the average peak intensity of the absorption maximum wavelength in the ultraviolet region. The absorption maximum wavelengths in the large and small ink particles were 209 nm and 200 nm respectively. The insertion figures in Fig. 2B show UV-VIS spectra of the large and small ink particles at various concentrations. The change in the peak intensity (A) versus the concentration of the solution (c) was analyzed using a theoretical scheme, A ¼ "'c, where ' is the path length and " is the molar absorptivity of the material. 13) Lines showing the best fit indicate that the theoretical scheme strongly held for both types of ink particles. From the slope of the linear relationship, the values of " for the large and small ink particles were estimated to be 0.86 l/(gÁcm) and 0.27 l/ (gÁcm) respectively. On the other hand, the positions of these peaks hardly shifted with changes in the concentration of the solution. This implies that the monodispersion of the ink particles is preserved in a measurable range by UV-VIS spectroscopy even if the concentration of the solution is increased. Figure 3 shows representative ESR spectra of the ink particles and synthetic melanin particles in their solid states. Intense and sharp signals without hyperfine interactions were found at g ¼ 1:995, which was observed for all the samples. This might be attributable to organic free radicals present in the samples. Since the singlet signal has an organic origin, paramagnetism of the poly-semiquinone radical can be assumed to dominate the molecular structure of Sepia inks. 14) Although the g-values found were similar (ca. 2.00) across these samples, we found that the ESR line width decreased with increases in the size of the particles. As Fig. 3C shows, the ESR signal of the synthetic melanin consisted of two components, found at g ¼ 1:995 and g ¼ 4:325. The broad signal found at g ¼ 4:325 in synthetic melanin might originate from ferric ion (Fe 3þ ) due to the presence of impurity in the commercial products, although the contaminating process is unknown. This was not observed in the case of the ink particles. These findings suggest that Sepia ink prepared according to the literature 2) is highly pure for paramagnetic species and is of reliable quality. Therefore, size-controlled ink particles should be suitable for basic study of melanin-related materials, e.g., studies of optical and paramagnetic properties and of electrical and photoconductive properties.
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